The Hippo pathway regulates tissue growth and organ size, and inactivation contributes to cancer. Signals flow through Mst/Lats kinases, which phosphorylate and promote cytoplasmic localization of the transcriptional regulators Yap and Taz to inhibit transcription. Here, we identify the multidomain-containing guanine nucleotide exchange factor (GEF) Arhgef7, or bPix, as a positive Hippo pathway regulator. We show that bPix, which localizes to the cytoplasm, binds both Lats and Yap/Taz and thereby promotes Lats-mediated phosphorylation of Yap/Taz in a GEFindependent manner. bPix is required downstream of both cell density sensing and actin cytoskeletal rearrangements, and we demonstrate that loss of bPix expression in normal mammary epithelial cells strongly reduces Yap/Taz phosphorylation, promotes nuclear localization and increases target gene expression. Conversely, increased expression of bPIX in breast cancer cell lines re-couples the Hippo kinase cassette to Yap/Taz, promoting localization of Yap/Taz to the cytoplasm and inhibiting cell migration and proliferation. These studies thus define bPix as a key component that links the Hippo kinase cassette to Yap/Taz in response to multiple upstream Hippo pathway activators.
Introduction
The Hippo signalling pathway is a major regulator of cell proliferation and tissue growth control. First uncovered using genetic screens in Drosophila, the conservation of this pathway in mammals has been firmly established (Halder & Johnson, 2011; Irvine, 2012; Ramos & Camargo, 2012; Harvey et al, 2013; . At the core of the mammalian Hippo pathway is a kinase cassette comprised of the Drosophila Hippo homologs, mammalian STE20-like protein kinase 1/2 (Mst1/2, gene name Stk4/3) and large tumour suppressors 1 and 2 (Lats1/2). Upon activation, Mst1/2 in association with the adaptor protein Salvador (Sav1) phosphorylates and activates Mob1A/B-bound Lats1/2 kinases that in turn phosphorylate the related transcriptional regulators, Yes-associated protein (Yap) and transcriptional co-activator with PDZ-binding motif (Taz, gene name Wwtr1). When Hippo is inactive, Yap/Taz are primarily localized in the nucleus and in association with diverse transcription factors such as Teads, Runx and Smads regulate the expression of target genes including connective tissue growth factor (Ctgf), Ankrd1 and Cyr61. However, phosphorylation of Yap/Taz by Lats1/2 kinases leads to their cytoplasmic accumulation and enhanced ubiquitin-dependent degradation that thereby prevents transcriptional activity (Halder & Johnson, 2011; Irvine, 2012; Harvey et al, 2013; .
Disruption of Hippo signalling in mouse models promotes tumour formation, and overexpression and constitutive nuclear localization of Yap/Taz occurs in many human cancers (Harvey et al, 2013) . Yap/Taz-regulated transcriptional programmes are associated with tumour initiation, progression and metastasis by promoting cell proliferation, migration, survival and epithelialmesenchymal transition (Harvey et al, 2013) . Functional interactions of Yap/Taz with many cancer-associated signalling networks also contribute to their tumour-promoting activities and to related physiological processes such as the regulation of stem cell maintenance and differentiation (Irvine, 2012; Ramos & Camargo, 2012; Attisano & Wrana, 2013) .
Cell-cell contact was one of the first identified regulators of Hippo signalling (Zhao et al, 2007; Ota & Sasaki, 2008) and is sensed and transmitted to the pathway by proteins that are involved in maintenance of cell architecture, such as polarity complexes and junctional proteins (Genevet & Tapon, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . The apically localized Crumbs complex, that includes angiomotin, activates the Hippo kinase cassette in flies and mammals, possibly in connection with the subapically localized Kibra/NF2/Willin complex (Chen et al, 2010; Grzeschik et al, 2010; Ling et al, 2010; Robinson et al, 2010; Varelas et al, 2010b; Genevet & Tapon, 2011; Zhao et al, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . Other components of polarity complexes including Scribble and adherens junction proteins, such as a-catenin and Ajuba, and protocadherins, such as fat, also promote Hippo pathway activity (Sopko & McNeill, 2009; Das Thakur et al, 2010; Kim et al, 2011; Schlegelmilch et al, 2011; Boggiano & Fehon, 2012; Reddy & Irvine, 2013) . Yap/Taz activity is also modulated by rearrangements of the actin cytoskeleton that can occur with changes in cell morphology, attachment to the extracellular matrix and in response to mechanical forces Wada et al, 2011; Halder et al, 2012; Zhao et al, 2012) . Pathways emanating from G protein-coupled receptors can also positively or negatively regulate the Hippo pathway .
Despite extensive interest in understanding how the Hippo pathway is regulated, mechanistic details and the molecular mediators that connect upstream signals to the Hippo kinase cassette remain elusive. Using LUMIER, a high-throughput protein-protein interaction screen (Barrios-Rodiles et al, 2005; Miller et al, 2009; Varelas et al, 2010b) , we identified Arhgef7, more commonly known as bPix (for PAK-interacting exchange factor beta) as a Taz interacting protein. bPix is a member of Dbl family of guanine nucleotide exchange factor (GEF) for the small GTPases Rac1 and Cdc42 (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . bPix contains several protein-protein interaction domains, including Src homology 3 (SH3), a tandem Dbl homology (DH) and pleckstrin homology (PH) domain that mediates GEF activity, and a carboxy-terminal leucine zipper (LZ) domain (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . As a multidomaincontaining protein, bPix is thought to act as a signal organizer by scaffolding the formation of multiprotein complexes. In this study, we show that bPix is required for Hippo pathway activity in response to multiple upstream stimuli. Mechanistically, we demonstrate that bPix scaffolds Lats to Yap/Taz, thereby promoting Yap/Taz phosphorylation and cytoplasmic sequestration. Thus, we delineate bPix, as a novel regulator of the Hippo core kinase cassette.
Results

bPix interacts with Yap and Taz
Yap/Taz are the key effectors of the Hippo pathway. Thus, to identify putative pathway modulators, we undertook LUMIER, a mammalian cell-based protein-protein interaction screen (BarriosRodiles et al, 2005; Miller et al, 2009; Varelas et al, 2010a) , to uncover novel TAZ binding partners. For this, TAZ, fused to Firefly luciferase, was used as a bait to screen a library of Flag-tagged proteins and interactions were detected by conducting a luciferase assay on anti-Flag immunopreciptates (Fig 1A) . Identified binding proteins included known partners, such as DVL1/2, 14-3-3 proteins, bTrCP and TAZ, which forms a dimer (Kanai et al, 2000; Tian et al, 2007; Varelas et al, 2010a) , and also revealed a novel interaction with ARHGEF7, commonly known as bPix. bPix and the closely related aPix are proteins comprised of diverse binding domains including an SH3, a LZ and centrally localized tandem DH and PH domains, characteristic of GEFs (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . To confirm the association of TAZ with bPIX, we performed immunoprecipitations of either Flag-tagged TAZ or bPIX, followed by anti-HA immunoblotting, and observed an interaction between the two proteins regardless of whether TAZ or bPIX was immunoprecipitated (Fig 1B) . Similarly, YAP interacted with bPIX ( Fig 1B) and with the closely related aPIX protein (see Supplementary Fig S2) .
bPix is required for cytoplasmic localization of Yap/Taz in response to diverse cues High cell density and the formation of cell-cell junctions activate the Hippo pathway and result in cytoplasmic retention of the transcriptional regulators Yap/Taz (Genevet & Tapon, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . Thus, to understand the role of bPix in regulating Yap/Taz activity, we sought to determine the effect of loss of bPix expression on Yap/Taz localization in response to cell density. For this, we first used mouse mammary EpH4 cells in which cytoplasmic localization of Yap/Taz occurs upon assembly of the Crumbs complex during epithelial cell polarization (Varelas et al, 2010b) . Consistent with previous findings, Yap/Taz was primarily nuclear in sparse cultures, but was predominantly found in the cytoplasm at high density (Fig 1C) . Notably, abrogation of bPix expression using a pool of four siRNAs markedly attenuated the cytoplasmic sequestration of Yap/Taz (Fig 1C) . Analysis of expression of the wellcharacterized Yap/Taz target genes, Ctgf and Ankrd1, revealed a concomitant upregulation of expression of both genes upon loss of bPix (Fig 1D) . In mouse mammary NMuMG cells, high cell density also promotes the accumulation of cytoplasmic Yap/Taz (Supplementary Fig S1A, see also Fig 3C) and abrogation of bPix expression in these cells, similarly promoted nuclear accumulation of Yap/Taz in high-density cultures and increased expression of the Yap/Taz target genes Ctgf, Ankrd1 and Cyr61 (Fig 2A) . Deconvolving of the bPix siRNAs confirmed that all four individual siRNAs efficiently reduced bPix expression and concomitantly activated Yap/Taz target gene expression ( Supplementary Fig S1B) . While bPix is widely expressed, aPix displays a more limited distribution pattern (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) , and consistent with this, aPix is not expressed in NMuMG cells nor did siRNA-mediated targeting of aPix alter Yap/Taz target gene expression (Fig 2A) . These results demonstrate that bPIX is important for cell density-dependent activation of the Hippo pathway in mammary epithelial cells.
Changes in the organization of the actin cytoskeleton can regulate the subcellular distribution of Yap/Taz though little is known of the mechanisms that connect dynamic actin cytoskeletal rearrangements to Yap/Taz (Genevet & Tapon, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . Thus, to examine whether bPix is required for regulation of Yap/Taz in response to actin cytoskeleton dynamics, we abrogated the expression of bPix in NMuMG cells and treated them with various actin-disrupting agents, including latrunculin A, which disrupts F-actin, blebbistatin, which inhibits myosin-IIATPase and C3, an inhibitor of Rho GTPase. As previously reported, cells plated at low density displayed primarily nuclear Yap/Taz that re-localized to the cytoplasm upon disruption of the actin cytoskeleton (Fig 2B) . However, in the absence of bPix, Yap/Taz cytoplasmic accumulation was markedly attenuated, and concordantly, Yap/Taz target gene expression was enhanced (Fig 2B and C) . Similar results were obtained in LatA-treated EpH4 cells ( Supplementary Fig S1C  and D) . Cell detachment/ attachment can also regulate the subcellular distribution of Yap/Taz . Accordingly, detachment of EpH4 cells obtained from low-density cultures followed by a brief re-plating, caused pronounced cytoplasmic sequestration of Yap/ Taz, which re-accumulated in the nucleus after 80 min of cell attachment (Fig 2D) . Abrogation of bPix expression attenuated the cytosolic sequestration and promoted nuclear retention of Yap/Taz upon cell detachment (Fig 2D) . These results suggest that bPix plays a key A Detection of TAZ binding partners using LUMIER assay. The interaction of luciferase-tagged TAZ with individual Flag-tagged proteins was assessed by luciferase assay.
Each Flag-tagged protein tested in the screen is represented as a vertical bar, and the median luminescence intensity ratio (mLIR), which reflects the intensity of the interaction with TAZ, is represented by the yellow tone. Several interacting partners are marked. B bPIX interacts with YAP and TAZ. Lysates from HEK293T cells co-transfected with Flag-or HA-tagged bPIX, YAP or TAZ as indicated were subjected to anti-Flag immunoprecipitation (a-Flag IP) and the presence of an associated protein detected by anti-HA immunoblotting. Equivalent protein expression levels were confirmed (Totals). C bPix regulates Yap/Taz localization in polarized epithelial cells. EpH4 cells, transfected with control siRNA or siRNA targeting bPix, were plated at low or high cell densities. After 48 h, cells were fixed and Yap/Taz localization was visualized by confocal immunofluorescence microscopy. Scale bar, 25 lm. D bPix regulates Yap/Taz transcriptional activity. EpH4 cells were transfected with siControl (siCtl) or sibPix, and RNA was extracted at 48 h. A representative experiment showing the relative expression of the Yap/Taz target genes Ctgf and Ankrd1, and the bPix knockdown efficiency as determined by qPCR is plotted as the mean AE the range.
Source data are available online for this figure. ª 2014 NMuMG cells by subcellular fractionation. bPix was predominantly localized in the cytoplasm in both control cells and cells treated with the actin-disrupting agent latrunculin A (Fig 2F) . This is consistent with the strong cytoplasmic localization of transiently overexpressed Flag-bPIX observed by immunofluorescence microscopy (see Fig 2E) . These results suggest bPix acts in the cytoplasm rather than The EMBO Journal Arhgef7 functions in the hippo pathway Emad Heidary Arash et al the nucleus to prevent Yap/Taz nuclear accumulation. Since bPix has GEF activity towards the monomeric RhoGTPases, Cdc42 and Rac1 (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) , both of which are known modulators of the actin cytoskeleton, we considered whether bPix GEF activity was important for regulating Yap localization. However, overexpression of the GEF domain double-point mutant (L238R/L239S) that abrogates GEF activity (Manser et al, 1998) drove cytoplasmic localization of Yap/Taz in low-density NMuMG cells, similar to overexpressed WT bPIX ( Fig 3A) . We also examined whether abrogation of Cdc42 and Rac1 expression affected Yap/Taz localization and activity. While loss of bPix promoted nuclear Yap/Taz localization and increased target gene expression as above, loss of Cdc42 or Rac1, either individually or together, had no effect (Fig 3B and C) . These findings are consistent with previous observations indicating that Cdc42/Rac1 are not involved in attachment-mediated control of Yap localization and together indicate that GEF activity is not the means through which bPix controls Yap/Taz. The Hippo pathway signals through a core kinase cassette comprised of Mst1/2 and Lats1/2 kinases that promote phosphorylation of Yap/Taz, thereby driving Yap/Taz localization to the cytoplasm (Halder & Johnson, 2011; . Therefore, we explored the involvement of the Hippo pathway in bPix-mediated regulation of Yap localization by examining the phosphorylation status of Yap on Ser127, the Lats target site that mediates cytoplasmic sequestration. In EpH4 cells, immunoblotting with a phospho-Ser127 Yap antibody revealed that abrogation of bPix expression reduced the levels of phospho-Yap in cells cultured at either low or high density ( Fig 4A) . In NMuMG cells treated with the actin-disrupting compound, LatA, we observed the expected robust increase in phosphorylation of Yap, as determined by Yap mobility shift in a Phos-Tag gel and by immunoblotting in a standard gel using the phospho-Ser127 Yap antibody (Fig 4B and C) . Of note, abrogation of bPix expression decreased phosphorylated Yap both in basal conditions and in the context of LatA. Similar results were obtained with C3 and the ROCK inhibitor, Y27632, for both Yap and Taz (Fig 4D) . Thus, bPix is required for efficient phosphorylation of Yap/Taz.
Our results thus far show that bPix promotes phosphorylation of Yap/Taz on the Lats kinase target site (Halder & Johnson, 2011; . We therefore explored whether Lats is required for bPix function. Overexpression of bPIX induces cytoplasmic sequestration of Yap/Taz (Figs 2E and 3A) and as expected, abrogation of Lats1/2 expression using siRNAs enhanced the nuclear accumulation of Yap/Taz (Fig 4E) . Importantly, loss of Lats1/2 expression prevented the bPIX-induced cytoplasmic accumulation of Yap/Taz, suggesting that bPix functions upstream of Lats kinases to regulate Yap/Taz activity ( Fig 4E) . We next examined whether bPix might directly function at the level of Lats by first testing for physical interaction. Immunoprecipitation of Flag-bPIX revealed that LATS1 interacted with bPIX ( Fig 4F) . Thus, Lats1 interacts with and is required for bPix function towards Yap/Taz.
bPix binds Lats1 and Yap via an internal domain in the carboxy-terminus
To map the determinants of the interactions between bPix and Lats1 or Yap, we constructed a series of bPIX deletion mutants and assessed interactions by immunoprecipitation and immunoblotting (Fig 5) . Deletion of the amino terminus comprising the SH3 and DH domains (bPIX 272-646), which bind PAK1 or are required for GEF activity, respectively, was dispensable for interaction with YAP or LATS1. This is consistent with our observation that GEF activity is not required to promote cytoplasmic Yap localization (Fig 3A) . We next explored the C-terminal region and observed that a truncation mutant (construct 1-495) lacking the last 151 amino acids, displayed reduced interaction with both YAP and LATS1. The C-terminal deletion encompasses two regions, a lysine (K)-and glutamate (E)-rich region (KER, amino acids 496-555, which has been reported to mediate interactions with other bPix partners such as Git1 (Flanders et al, 2003; Audebert et al, 2004; Jin et al, 2004; Hoefen & Berk, 2006; Chahdi & Sorokin, 2008) or Naa10p (Hua et al, 2011) and is also referred to as the GB (Git-binding) domain, as well as a C-terminal leucine zipper motif (LZ; amino acids 586-646) that is required for bPix dimerization. An internal deletion of the KER that retains an intact LZ (DKER; lacking amino acid 496-555) also failed to interact with YAP and LATS1. Mapping of the interaction between YAP-and the bPIX-related protein, aPIX, similarly showed that deletion of the corresponding KER (construct 1-625) abrogated interaction with YAP, while amino terminal deletions or a LZ point mutant did not ( Supplementary Fig S2) . Thus, the KER is required for interaction between a/bPIX and both YAP and LATS1. Analysis of the requirement for the LZ was more complex, since this region mediates bPix dimerization and is essential to maintain bPix in the cytoplasm (Kim et al, 2001 ). Interestingly, siRNA targeting bPix or aPix was measured by qPCR and is plotted as the mean AE the range. B NMuMG cells, transfected with control siRNA or bPix siRNA and cultured at low density for 48 h, were treated with the F-actin inhibitor latrunculin A (LatA, 0.5 lM), the Rho inhibitor C3 (3 lg/ml) or the non-muscle myosin inhibitor blebbistatin (Blebb, 50 lM) for 4 h. Cells were fixed and Yap/Taz localization was analysed by immunofluorescence confocal microscopy. Scale bar, 25 lm. C A representative experiment showing the relative expression of Yap/Taz target genes in LatA-treated NMuMG cells transfected with control siRNA or siRNA targeting bPix was determined by qPCR and is plotted as the mean AE the range. D EpH4 cells transfected with control siRNA or bPix siRNA cultured at low cell density for 48 h were trypsinized, kept in suspension for 1 h and then re-plated on fibronectin-coated chambers for either 10 or 80 min. Samples were fixed and Yap/Taz localization was analysed by immunofluorescence confocal microscopy. Scale bar, 15 lm. E bPix is localized in the cytoplasm and promotes Yap/Taz cytoplasmic translocation. NMuMG cells were transfected with Flag-tagged bPIX, and endogenous Yap and bPIX localization was analysed by immunofluorescence microscopy using anti-YAP and anti-Flag antibodies, respectively. Scale bar, 15 lm. F NMuMG cells were treated with DMSO or LatA, nuclear (N) and cytoplasmic (C) fractions were isolated and samples analysed by immunoblotting. Gapdh and histone H1 were used as cytoplasmic and nuclear markers, respectively. The EMBO Journal Arhgef7 functions in the hippo pathway Emad Heidary Arash et al while the LZ deletion mutant (1-585) retained interaction with YAP, both of which are localized to the nucleus (see Fig 6A) , the interaction with LATS1, which is localized to the cytoplasm (Supplementary Fig S2D) , was disrupted. Thus, for YAP interaction, neither the LZ or bPIX dimerization per se is required. In the case of LATS1, the bPIX KER domain-only deletion restored cytoplasmic bPIX, but still failed to interact with LATS1. These findings suggest that loss of interaction between the LZ mutant and LATS1 is secondary to their nuclear versus cytoplasmic compartmentalization. Thus, a region (KER) in a/bPIX, rich in charged residues including Lys and Glu, is required for interaction with both YAP and LATS. Emad Heidary Arash et al Arhgef7 functions in the hippo pathway The EMBO Journal displayed marked enrichment in cytoplasmic Yap/Taz ( Fig 6A) . As previously reported (Kim et al, 2001) , the LZ mutant is primarily localized to the nucleus and did not alter the nuclear localization of Yap. In contrast, the bPIX mutant lacking the KER (DKER, amino acids 496-555) was localized in the cytoplasm like the WT bPIX, but failed to promote Yap/Taz cytoplasmic sequestration. Since the KER deletion mutant fails to associate with either Yap or Lats, and the LZ mutant, which binds only Yap, both fail to drive cytoplasmic Yap sequestration, these results indicate that the interaction of bPix with both Yap and Lats is required for control of Taz/Yap localization. The ability of bPix to bind both Yap and Lats1 suggests that bPix may act to scaffold to promote the association of Lats1 with its substrate Yap. To test this possibility, we examined the effect of bPix on the interaction between Yap and Lats1. We observed that overexpression of WT bPIX, but not a bPIX mutant lacking the KER domain, enhanced the interaction of LATS1 with YAP as determined by YAP immunoprecipitation followed by LATS1 immunoblotting (Fig 6B) . In line with a scaffolding function for bPix, abrogation of the expression of bPix using either a pool or a single siRNA dramatically reduced the interaction of endogenous Yap with Lats1 in EpH4 cells (Fig 6C) . Altogether, these results indicate that bPix can act as a scaffold to promote the interaction of Lats with its substrate, Yap/Taz. DKER mutant bPIX were lysed and subjected to a-Flag IP. The interaction between YAP and LATS1 was determined by immunoblotting using an anti-HA antibody. C bPix knockdown reduces the strength of interaction between Yap and Lats1. EpH4 cells were transfected with either control siRNA or a pool and a single sibPix. After 48 h, cells were lysed and subjected to immunoprecipitation using either a-IgG or a-Yap antibodies. The strength of interaction between Yap and Lats1 was determined by immunoblotting using anti-Lats1 antibody. Equivalent protein expression levels and bPix knockdown efficiency were confirmed by immunoblotting (Totals).
Source data are available online for this figure. (Chan et al, 2008; Lei et al, 2008; Zhao et al, 2008; Cordenonsi et al, 2011; Lamar et al, 2012; Harvey et al, 2013; Serrano et al, 2013; Hiemer et al, 2014; Mi et al, 2014; Sorrentino et al, 2014) . We therefore sought to determine whether bPix might re-couple the Hippo pathway to Yap/Taz in a cancer context. The triple-negative breast cancer cell line, MDA-MB-231, displays nuclear YAP/TAZ and constitutively expresses YAP/TAZ target genes; thus, we used these cells to generate clones stably overexpressing bPIX (Supplementary Fig S4A) . Analysis of YAP/ TAZ localization showed that in control MDA-MB-231 cell clones, YAP/TAZ were predominantly nuclear, while in two independently derived bPIX overexpressing clones, abundant cytoplasmic YAP/ TAZ was detected, with some cells displaying nuclear exclusion (Fig 7A) . A concomitant reduction in YAP/TAZ target gene expression was also observed in the bPIX-expressing clones (Fig 7B) . Thus, increased expression of bPIX inhibits the nuclear localization and transcriptional activity of YAP/TAZ in these breast cancer cells. We next determined how ectopic bPIX expression affected properties typically associated with tumourigenesis. MDA-MB-231 cells simultaneously depleted of both YAP and TAZ were difficult to culture; nevertheless, we confirmed that individual loss of YAP or TAZ decreased the rate of cell migration and proliferation (Supplementary Fig S3) , consistent with the notion that YAP/TAZ contribute to these biological responses. Clones overexpressing bPIX displayed a marked attenuation of cell migration in an in vitro wound healing scratch assay (Fig 7C) as well as a decreased rate of cell proliferation (Fig 7D) . Thus, expression of bPIX, which enhances the cytoplasmic localization of YAP/TAZ results in responses that are characteristic of tumour suppressive activity, in a manner that parallels that of loss of YAP/TAZ.
Although YAP/TAZ are predominantly nuclear, MDA-MB-231 cells nevertheless retain some LATS activity as siRNA-mediated depletion of LATS1/2 resulted in a more pronounced nuclear accumulation of YAP/TAZ and enhanced YAP/TAZ target gene expression ( Figure 7E and F) . Thus, while upstream signals are disconnected from the core Hippo kinases, LATS1/2 are expressed and are able to limit YAP/TAZ activity. We thus examined the effect of loss of LATS1/2 on YAP/TAZ localization in the bPIX-expressing clones and observed that siLATS1/2 overcame the effects of bPIX and resulted in strong nuclear localization of YAP/TAZ ( Figure 7E and F), and enhanced expression of ANKRD1 ( Figure 7F ). Thus, bPIX-mediated regulation of YAP/TAZ is dependent on the Hippo pathway kinase LATS. Taken together, our findings show that enhanced expression of bPIX can re-engage the Hippo core kinases, LATS1/2, and that bPIX thereby functions as a tumour suppressor to restrain the pro-oncogenic properties of YAP/TAZ in metastatic breast cancer cells.
Discussion
The Hippo pathway has been established as a key regulator of tissue growth and cell fate, and disruption of the pathway promotes tumourigenic processes such as cell migration and proliferation (Halder & Johnson, 2011; Ramos & Camargo, 2012; Harvey et al, 2013; . Several upstream mediators, including determinants of apical-basal polarity, mechanical forces acting through the actin cytoskeleton and G protein-coupled receptors, have emerged as pathway activators (Genevet & Tapon, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . How these signals are transduced to the core Mst/Lats kinase cassette is the subject of intense investigation. Ultimately, however, activation of the Hippo pathway results in Lats kinase-mediated phosphorylation of Yap/Taz, which then drives Yap/Taz localization to the cytoplasm. Here, we identify bPix as a key positive regulator of the Hippo kinase. Mechanistically, we demonstrate that bPix binds both Lats and its substrate target, Yap, and that loss of bPIX impairs the interaction between Lats and Yap/Taz, resulting in decreased Yap/ Taz phosphorylation. Moreover, we show that increased expression of bPIX in cancer cells can restore cytoplasmic localization of Yap/ Taz in a Lats-dependent manner. Altogether, our findings suggest a model in which bPix promotes Hippo pathway activity by scaffolding Lats to its Yap/Taz substrates to stimulate phosphorylation and localization to the cytoplasm (Fig 8) .
Signals emanating from polarity determinants, such as the Crumbs/Amot complex, processes such as mechanotransduction that act through the actin cytoskeleton and mediators of cell density sensing, all can control Yap localization (Genevet & Tapon, 2011; Boggiano & Fehon, 2012; Schroeder & Halder, 2012) . In general, these signals flow to the Mst/Lats kinase cassette, and while Mst1/2-independent Yap phosphorylation has been reported Zhao et al, 2012; Kim et al, 2013) , there appears to be a more ubiquitous requirement for Lats. Our data demonstrate that bPix functions at the level of Lats, consistent with the notion that bPix acts in the Hippo pathway downstream of multiple cues. Accordingly, we observed a requirement for bPix in regulating Yap activity in response to cell-cell contact and cell density, actin cytoskeleton disruption and in attachment/detachment events. In all the cases, loss of bPix expression resulted in retention of Yap/Taz in the nucleus and continued activation of a Yap/Taz transcriptional programme.
In solid tumours, YAP and/or TAZ are frequently overexpressed and unlike normal cells, most cancer cells have acquired the means to bypass Hippo-dependent regulation. YAP/TAZ become constitutively nuclear and act to promote the tumourigenic phenotype (Harvey et al, 2013) . In breast cancer cells for example, overexpression of TAZ and YAP promotes proliferation, migration, invasion, epithelial-mesenchymal transition (EMT), acquisition of cancer stem cell (CSC) properties and sustains CSC self-renewal (Chan et al, 2008; Lei et al, 2008; Zhao et al, 2008; Cordenonsi et al, 2011; Lamar et al, 2012; Harvey et al, 2013; Hiemer et al, 2014) . In MDA-MB-231 cells, the Hippo pathway is inactive, possibly through loss of the upstream component NF2 , resulting in a pronounced nuclear accumulation of YAP/TAZ. Remarkably, we found that ectopic expression of bPIX alone in MDA-MB-231 cells was sufficient to restrain YAP/TAZ activity and yielded a concomitant suppression of cell proliferation and cell migration. This activity of bPIX was dependent on the presence of LATS1/2. Thus, we uncovered a tumour suppressor function for bPix that acts via recoupling of the Hippo kinase cassette to its Yap/Taz substrates. Given that these cells lack NF2 , these findings Our interaction mapping studies revealed that Yap and Lats both bind to an approximately 50 amino acid region located just upstream of the carboxy-terminus that we termed the KER and which is highly conserved in both aPix and bPix. This region does not contain any recognizable protein-protein interaction motifs, but rather is rich in charged amino acids including Lys and Glu. Nevertheless, this region also mediates interactions with other proteins such as Git1 (Hoefen & Berk, 2006; Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . We showed that loss of bPix attenuated the interaction of Lats1 with Yap, while overexpression of bPIX enhanced association in a KER domain-dependent manner. bPix was first characterized as a dimer, although a more recent study suggests that trimers may be the more typical state (Schlenker & Rittinger, 2009) . Taken bPIX regulates cell migration. A wound was introduced in a confluent monolayer of MDA-MB-231 cells stably expressing either control vector or bPIX, and the migration of the cells into the wound was assessed by live-cell phase-contrast microscopy. Quantitation of cell migration, determined by measuring the cell-free area within the wound, of three independent experiments, n = 4, is plotted as the mean AE SEM. Scale bar, 120 lm. D bPIX attenuates cell proliferation. An SRB assay was used to measure cell proliferation. Data are plotted as the mean AE SEM of six independent experiments, n = 5. E, F LATS1/2 kinases are required for bPIX-mediated YAP/TAZ inactivation. MDA-MB-231 cells stably expressing control vector or bPIX were transfected with siCTL or siLATS1/2, and YAP localization was analysed by immunofluorescence microscopy (E). Scale bar, 25 lm. Expression level of YAP target gene, ANKRD1, was determined by qPCR (F) and is plotted as the relative expression in siLATS1/2 over siControl (CTL).
ª 2014 Emad Heidary Arash et al Arhgef7 functions in the hippo pathway The EMBO Journal (Fig 8) . In this study, we focused on bPix, since abrogation of bPix expression alone was sufficient to inhibit Hippo pathway activity in our cell models. This is consistent with a more ubiquitous expression pattern for bPix, as compared to aPix (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . However, the KER region is highly conserved and also mediates aPix binding to Yap/Taz and Lats. Interestingly, mutations in aPIX (ARHGEF6) have been associated with X-linked intellectual disability in humans (Kutsche et al, 2000) and aPix/Arhgef6-deficient mice display alterations in synaptic and immune system function (Missy et al, 2008; Ramakers et al, 2012) , whereas bPix mutants display early embryonic lethality (Missy et al, 2008) . Thus, it will be important to determine whether aPix might also modulate Hippo signalling in these distinct contexts. aPix and bPix have been most studied for their function as guanine nucleotide exchange factors (GEFs) for the Rho GTPases, Cdc42 and Rac1, although the mechanisms whereby GEF activity is controlled remain unclear (Rosenberger & Kutsche, 2006; Staruschenko & Sorokin, 2012) . We showed that loss of Cdc42, Rac1 or both has no effect on Yap/Taz subcellular localization or target gene activation, suggesting that GEF activity is not required for bPix function in the Hippo pathway. Consistent with this, a bPIX construct harbouring point mutations in the GEF domain that prevent guanine nucleotide exchange (Manser et al, 1998) still functioned to sequester Yap/Taz in the cytoplasm. Pix has also been studied as a binding partner for p21-activating kinase 1, PAK1 (Chan & Manser, 2012) , and can stimulate PAK, via the GEF activity. Although we did not directly test whether PAK activity alters Yap/Taz function, deletion of the SH3 domain of bPIX, which mediates binding to PAK1, was not required to promote Yap localization to the cytoplasm. Thus, our findings suggest that the well-characterized role of bPix in complex with Cdc42/Rac1 and PAK1 is molecularly distinct from its promotion of Hippo pathway activity. Instead, our studies demonstrate that bPix functions in the Hippo pathway by scaffolding Yap and Lats. A general role for bPix as a scaffold is suggested by the ability of bPix to bind a diverse array of proteins, some of which form large macromolecular assemblies, to control cellular processes such as focal adhesion formation and function, cell migration or G protein-coupled receptor signalling. For instance, bPix can bind to 14-3-3 proteins, p66Shc, Scribble, Cbl and the multidomain-containing Git1 (Flanders et al, 2003; Audebert et al, 2004; Jin et al, 2004; Hoefen & Berk, 2006; Chahdi & Sorokin, 2008) . Although, mechanistic understanding of how bPix functions in so many processes is not well understood, the ability of bPix to engage in diverse protein complexes indicates that scaffolding functions for bPix are likely to be widespread. Whether any of the known bPix interactors might cooperate in regulating the Hippo pathway is an interesting area for future investigations.
Materials and Methods
Cell culture and transfection
For cell culturing, NMuMG cells were grown in DMEM supplemented with 10% FBS and 10 lg/ml insulin, EpH4 and HEK293T cells in DMEM with 10% FBS, and MDA-MB-231 cells in RPMI with 5% FBS. Cells were transfected with Dharmacon siGENOME pools of four individual siRNAs (Thermo Scientific) using Lipofectamine RNAiMAX (Life Technologies), or with cDNAs using Lipofectamine LTX or Lipofectamine 3000 (Life Technologies) according to the manufacturer's instructions.
Plasmids and chemicals
The bPIX construct was generated by PCR using an isoform of human bPIX (NM_001113513.1) and was N-terminally tagged with Flag or HA in a pCMV5 vector. bPIX and aPIX deletion constructs were generated by PCR-mediated site-directed mutagenesis. Flag-or HA-tagged constructs for LATS1, TAZ and YAP in pCMV5 were previously described (Varelas et al, 2010a) . For MDA-MB-231 cells stably expressing bPIX, Flag-tagged bPIX was subcloned into pBABE-puro vector (addgene #1764; Mani et al, 2007) . pBABE-puro empty vector was used as a control. Chemicals used in this study were as follows: latrunculin A (Tocris Bioscience #3973), C3 (Cytoskeleton Inc #CT04), Y-27632 (Sigma-Aldrich #Y0503) and blebbistatin (Sigma-Aldrich #B0506).
Immunoblotting, immunoprecipitation and subcellular fractionation
Cells were lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT containing phosphatase and protease inhibitors). Lysates were separated on SDS-PAGE gels, and immunoblotting was performed using standard protocols as previously described (Labbe et al, 2000) . Phos-Tag gels, using reagents purchased from Waco Chemicals, were prepared according to manufacturer's instructions. Nuclear and cytoplasmic fractions were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Scientific #78833). For immunoprecipitations, cell lysates were subjected to anti-Flag or anti-Lats1 immunoprecipitation and proteins collected using protein G-Sepharose prior to analyses by immunoblotting. The antibodies used were as follows: pYAP (D9W2I; Cell Signalling #13008); YAP (Cell Signalling #4912), TAZ (Cell Signalling #2149), Lats1 (C66B5; Cell Signalling #3477), Cool1/bPix (Cell Signalling #4515), rat anti-HA (Roche #1867423) and anti-Flag M2 (Sigma-Aldrich #F1804).
Immunofluorescence microscopy
Cell were plated in 4-well Lab-Tek chambers (#154526) and fixed with 4% paraformaldehyde for 10 min at room temperature. After washing with PBS, cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature. Samples were washed three times with 0.01% PBS-Tween and then blocked in 2% BSA-PBS for 30 min before treatment with primary antibody. Samples were then incubated with primary antibodies (mouse anti-YAP 1:300; Santa Cruz sc-101199; or rabbit anti-Flag 1:500, Sigma F7425) in 2% BSA-PBS overnight at 4°C. After washing three times with 0.01% PBSTween, slides were incubated with the secondary antibodies, goat anti-rabbit Alexa Fluor 488 (Life Technologies #A11305, 1:1,000 in 2% BSA-PBS) or goat anti-mouse Alexa Fluor 546 (Invitrogen #A11029, 1:1,000 in 2% BSA-PBS) for 1-2 h at room temperature. Slides were washed three times with 0.01% PBS-Tween and once with PBS and mounted with ProLong Gold Antifade Reagent (Life Technologies #P36035). Cell nuclei were visualized by DAPI staining and Alexa Fluor 568-Phalloidin (Life Technologies #12380) was used for actin cytoskeleton staining. Images were captured using a spinning disc confocal scanner (CSU10, Yokogawa) on Leica DMI6000B microscope, and Volocity software was used for image acquisition and processing. For quantification of Yap localization transfected with different Flag-tagged bPIX cDNA constructs, a minimum of 30 transfected cells were counted and nuclear/cytoplasmic localization of Yap was evaluated in transfected cells compared to the surrounding non-transfected cells.
Quantitative Real-Time PCR Total RNA was purified using PureLink RNA Mini Kit (Life Technologies). cDNA was synthesized using 1 lg of purified RNA using oligo-dT primers and M-MLV Reverse Transcriptase (Invitrogen #28025-013). Real-Time PCR was performed using the SYBR Green master mix (Applied Biosystems) on the ABI Prism 7900 HT system (Applied Biosystems). Relative gene expression was quantified by DDC t method and normalized to Gapdh. The sequences of the primers used are listed in Supplementary Table S1 .
Wound healing and cell growth assays
For wound healing migration assay, cells were seeded in a 6-well plate and were grown to confluency. The wound was introduced by scraping with a sterile 200-ll pipette tip, and the unfilled area was quantified by ImageJ at the 8 h time point. Cell growth was determined using the sulforhodamine B (SRB) assay. Cells were plated overnight in 96-well dishes and after 48 h were fixed with 10% (w/v) trichloroacetic acid and stained as previously described (Bao et al, 2012) . The amount of SRB present in each well was determined by optical density reading at 490 nm.
Supplementary information for this article is available online:
http://emboj.embopress.org
